The reliability analysis of a spar-supported floating offshore 5-MW wind turbine is the subject of this study. Environmental data from a selected site are employed in the numerical studies. Using time-domain simulations, the dynamic behavior of a coupled platformturbine system is studied; statistics of tower and rotor loads as well as platform motions are estimated and critical combinations of wind speed and wave height identified. Long-term loads associated with a 50-year return period are estimated using statistical extrapolation based on loads derived from simulations. Inverse reliability procedures that seek appropriate fractile levels for underlying variables consistent with the target load return period are employed; these include use of (1) two-dimensional inverse first-order reliability method where extreme loads, conditional on wind speed and wave height random variables, are selected at median levels and (2) three-dimensional inverse first-order reliability method where variability in the environmental and load random variables is fully represented.
Introduction
The offshore turbine design standard, IEC 61400-3:2009 (2009) , defines several design load cases (DLCs) that require a comprehensive probabilistic analysis of turbine response so as to be able to derive nominal load levels associated with a return period of 50 years. The notion of a "return period" is common in the design of offshore structures, wind turbines, and other critical facilities. A return period may be thought of as a mean recurrence interval. In the context of design, a long return period equal to, say, 50 years is common for wind turbines. Designing for this return period implies that the provided "capacity" is large enough that the probability that loads will exceed this capacity only once every 50 years on average. It is important that simulation-based estimation of such loads is both accurate and efficient. For offshore wind turbines such as the spar-supported 5-MW turbine considered here, derivation of the 50-year load requires understanding the environment-namely, the joint probability distribution of the important environmental parameters such as the hub-height 10-min mean wind speed, V, and the significant wave height, H s (in general, other environmental parameters such as the wave period may also be represented probabilistically). In addition, derivation of the 50-year load requires that one assess the variability of turbine response (loads and platform motions) for various combinations of environmental parameters-for instance, in our case, we are interested in carrying out a sufficient number of time-domain stochastic simulations of the offshore turbine from which we derive short-term probability distributions of any response measure, L, conditional on the environmental parameters. Finally, what is required is that one estimates the desired "nominal" load associated with a level of response whose mean frequency of exceedance is one in 50 years; we refer to this nominal load as l 50 , the 50-year load or response. In the following, we are interested in deriving l 50 corresponding to different response measures, L, including (1) the fore-aft tower base bending moment, (2) the out-of-plane blade root bending moment, and (3) platform surge motion.
Since we will perform simulations of 10-min duration, the random variable, L, is best described with that duration as reference. Accordingly, we define L as the 10-min extreme (or the single largest peak or "global" maximum) from a single simulation. Other definitions may be employed such as the use of (1) all occurring peaks or "local" maxima in each response time series, (2) peaks above a defined threshold response level, or (3) "block" maxima representing largest response values occurring in smaller nonoverlapping segments of shorter duration shorter than 10 min. Regardless of how the random variable, L, is defined, the desired response, l 50 , must be the response with a 50-year return period. The probability of exceeding l 50 in 10 min is very small if l 50 is to be the 50-year response. Indeed, assuming independence of 10-min extremes, we must have the following .
Note that for offshore wind turbine load analyses, it is customary to employ simulations of longer duration than 10 min. In this study, 10-min simulations are employed because the focus is on demonstration of a framework for reliability assessment and because a large number of contrasting sea states can be assessed. The framework presented here can readily be employed to accommodate more realistic simulations of longer duration, without loss of generality. Equation (1) serves to define l 50 , the desired response, but what is required is the distribution of the random variable representing the 10-min extreme response, L. The real difficulty in such problems lies in obtaining this distribution-given that L depends on the environmental conditions; one generally establishes the probability distribution for L by applying the total probability theorem as follows
In equation (2), the joint probability density function, f V , Hs (v, h), needs to be established using information about the environment, while P(L > l|V, H s ), the complementary cumulative distribution of the response, L, given V and H s need to be established from multiple simulations for each environmental parameter set (V, H s ). Equation (2) implies that simulations are needed for all possible (V, H s ) pairs, and that a sufficient number of such simulations are run to ensure accurate estimation of P(L > l|V, H s ). This is a computationally intensive exercise. Hence, a procedure that relies on structural reliability principles may be alternatively adopted. It is possible to restate our problem involving the three random variables, V, H s , and L, if we define a limit state function, g(V, H s , L; l 50 ) as follows
The classical reliability "analysis" problem is where one evaluates the probability that the limit state function, g( ), is less than zero; then, P(g( ) < 0) is the probability of "failure." Here, however, we note that the probability of failure is known-it is the target probability of response exceedance (synonymous with "failure"); it is l 50 that we are interested in. Estimation of l 50 is the reliability "design" problem. This could, of course, be solved using the tried and tested "forward" reliability analysis approach by assuming different values of l 50 and then adjusting them until analysis shows that P(g( ) < 0) matches the target value. Alternatively, one can define the "inverse" reliability problem which is directly obtained at estimation of l 50 by searching a subset of the three-dimensional (3D) space of the random variables, (V, H s , L) , that is consistent in a reliability sense with the target probability. We note that the target probability of failure, P(g( ) < 0), with g( ) defined in equation (3) is 3.8 × 10 −7 according to equation (1).
In the inverse first-order reliability method (FORM), one maps the physical random variables-here, V, H s , and L-to standard normal random variables, U 1 , U 2 , and U 3 . The target probability of "failure" is the target probability of exceedance of the unknown l 50 here. In inverse FORM (Agarwal and Manuel, 2009; Saranyasoontorn and Manuel, 2004a , 2004b , 2006 Winterstein et al., 1993) , a target reliability index, β, is defined such that Φ(−β) matches that target probability, where Φ(−β) is the cumulative distribution function for a standard normal random variable. Here, for our 50-year response, β is equal to 4.95. In inverse FORM, one is required to evaluate all combinations of (U 1 , U 2 , U 3 ) values that lie on a sphere of radius β as follows u u u 
The mapping of the independent standard normal random variables to the jointly distributed physical random variables is often carried out sequentially in terms of an equi-probable transformation of cumulative probabilities or exceedance fractiles, p 1 , p 2 , p 3 , as follows (4). Consistent with the shortest distance to the failure surface in the reliability "analysis" problem that is related to the reliability index and, hence, to the probability of failure, in the reliability "design" or inverse FORM problem, one searches all valid triads of physical or standard normal random variables or fractiles of them that satisfy equation (4), and the desired response, l 50 , that matches the target probability of "failure" is that value of L at its appropriate p 3 fractile (per equation (7)) that is larger than what results from any other triad combination that satisfies equation (4). Equations (5) to (7) Note that if p 3 = 0.5, then u 3 = 0, and what results with inverse FORM is a search over a two-dimensional (2D) circle in the U 1 -U 2 space for the largest value of the median response of L given V and H s . This is referred to as the "environmental contour" method. In general, this method will yield nonconservative estimates of quantities such as 50-year return period response values, l 50 , because variability in the response given the environment is not fully accounted for. Such an approach assumes that physical quantities for design may be determined by searching over only the more demanding environmental conditions and performing a few response simulations for those conditions merely to establish what levels of response occur on average-neither are rare large response levels evaluated for these demanding conditions nor are any environmental conditions evaluated that might occur more often or might have associated response that is highly variable. The use of 3D inverse FORM attempts to remedy this shortcoming. As such, in this study, different (V, H s ) pairs are considered, and associate response fractiles, p 3 , for each case are compared before l 50 is established.
Philosophically, it might seem too ambitious to expect that one can ever truly predict 50-year response or load values from simulations. Indeed, there are many assumptions made in the simulations themselves-these might lead one to question the effort placed in the methodology outlined here and in other similar studies. Nevertheless, the IEC design guidelines, for example, expect the computation of 50-year loads for some DLCs. Moreover, the "50-year" designation might be thought of more in a notional manner, emphasizing conservative design choices to achieve low probabilities of exceedance of large loads, while recognizing imperfect simulation models, short (in duration) simulation intervals, and so on. The additional approximation introduced by use of inverse FORM is only for efficiency in computation and derivation of 50-year loads.
The wind turbine model and inflow turbulence simulation
The wind turbine considered in this study is the NREL 5-MW offshore baseline wind turbine model (Jonkman et al., 2009) , which is a representative utility-scale multi-megawatt turbine that has also been adopted as the reference model for the integrated European Upwind research program. This model does not correspond to any single commercially manufactured turbine, but it is a realistic representation of a three-bladed upwind 5-MW wind turbine; its properties are drawn from and extrapolated based on operating machines and conceptual studies. A rating of 5 MW was chosen because it is assumed to be the minimum rating at which deepwater offshore wind turbines can be cost-effective. The rotor diameter for this 5-MW machine is 126 m, the hub height is 90 m, and the maximum rotor speed is 12.2 rpm. The hub-height rated wind speed for the turbine is 11.2 m/s. The tower is modeled as a cantilever; its fixed base is coincident with the top of the supporting spar buoy platform. The tower base is at an elevation of 10 m above the still water level (SWL) where the tower's diameter is 6.5 m, which also matches the diameter of the top of the spar buoy platform. The cylindrical tower's base thickness is 0.027 m; the tower tapers linearly toward the top where its diameter reduces to 3.87 m and its thickness to 0.019 m. The resulting integrated tower mass is 249,718 kg with a center of mass located 43.4 m above SWL. A damping ratio 1% of critical is specified for all the vibrational modes of the tower. See Figure 1 for a schematic diagram of the wind turbine and the supporting spar buoy platform. For the stochastic inflow velocity field simulations, Kaimal power spectra are employed for the three spatial components, and an exponential coherence function is employed for the longitudinal wind velocity component; the simulations are carried out using the computer program, TurbSim (Jonkman and Buhl, 2007) .
The spar buoy platform model
The floating platform model considered is a spar buoy that achieves stability by means of ballast that lowers the center of gravity (CG) to a point below the center of buoyancy (CB; see Figure 1 ). Whenever an overturning moment is produced due to wind or wave forces, a counteracting moment is generated between the CG and the CB which acts to return the spar buoy to its original position (Butterfield et al., 2007; Karimirad, 2011) . The draft of the platform is 120 m; the top and bottom portions of the spar buoy are made up of two cylinders of different diameters that are joined via a linearly tapered conical section. The top cylindrical section has a diameter of 6.5 m and extends down to 4 m below the SWL; the linearly tapered conical section extends from there to 12 m below the SWL, where the diameter increases to 9.4 m. The lower cylindrical portion of the spar buoy platform maintains this same diameter of 9.4 m. The resulting spar buoy platform has a center of mass located at a depth 89.9 m below the SWL. The mass of the floating platform including ballast is 7,466,330 kg. The moment of inertia associated with both roll and pitch of the platform about its center of mass is 4,229,230,000 kg m 2 , and the moment of inertia associated with yaw of the platform about its CG is 164,230,000 kg m 2 . The water depth at the selected site is taken to be 320 m. The spar buoy is modeled as a rigid body with 6 degrees of freedom; it is connected to the sea floor by multi-component catenary mooring lines. These mooring lines are attached to the spar buoy at the fairleads.
The spar buoy platform is moored with a system of three catenary lines in order to prevent it from drifting. The three lines are modeled as homogeneous with properties derived as weighted average values of the line's mass, weight, and stiffness. The mooring system damping, including the hydrodynamic drag and line-to-seabed drag, is neglected. Each of the three lines has an unstretched length of 902.2 m, a diameter of 0.09 m. The lines are at an angle of 120° with respect to each other. The three mooring lines are anchored 320 m below the SWL. One of the lines is assumed to be directed along the positive X-axis (in the XZ plane). The lines are attached to the hull near its center of pitch for low dynamic loading such that when the platform deflects, the movement takes place in a plane of symmetry of the mooring system, the resultant horizontal force also occurs in this plane, and the behavior of the mooring system is 2D. The mooring system is augmented with a yaw spring to achieve the proper overall yaw stiffness; this additional yaw spring has a stiffness of 98,340, 
Hydrodynamic forces on the floating platform
Hydrodynamic loads for the floater result from the dynamic pressure of the water over the wetted surface of the support platform. Due to hydrodynamic loading on the support platform, impedance forces including the effects of added mass and damping become important. The added mass component of the hydrodynamic forces is relevant since the density of water is comparable with the density of the structural materials; this is in contrast to the aerodynamic loading on the wind turbine where the effects of added mass can be neglected since the density of air is much lower than that of the materials that make up the primary structure.
For the hydrodynamic loading on the support structure, irregular long-crested waves are simulated using a Joint North Sea Wave Project (JONSWAP) spectrum (Det Norske Veritas, 2007) . The hydrodynamic loads are computed using Morison's equation and take into account Wheeler stretching corrections for the wave kinematics. The FAST simulator employed accounts for the hydrodynamic loads by first simulating a random sea surface elevation process and then computing appropriate wave kinematics and inertia and drag force components (Jonkman and Buhl, 2005) .
Reference site and environmental conditions
According to IEC 61400-3:2009 IEC 61400-3: (2009 , the consideration of some DLCs needs to be based on site-specific external conditions. This study is carried out for a site (Stevenson Weather Station) assumed to be located at 61°20′ N latitude, 0°0′E longitude near the Shetland Islands, northeast of Scotland. This location is considered because of its fairly extreme wind and wave conditions that may be expected to experience intense wind-and wave-induced loading on any deepwater floating wind turbine. We assume that the environment is described by the 10-min average mean wind speed, V at the hub height; the significant wave height, H s (four times the standard deviation of the sea surface elevation process); and the wave peak spectral period, T p . The joint probability distribution for V, H s , and T p may be represented as shown in Figure  2 where V-H s and H s -T p bivariate distributions are presented, based on 13 years of data (comprising 37,992 samples for 3-h reference periods). The samples for the three environment variables were grouped in bins; the bin size for mean wind speed, V; significant wave height, H s ; and spectral period, T p , are 1.399 m/s, 1 m, and 1.408 s, respectively, as described by Jonkman (2007) . Even though the water depth at the Stevenson site was lower than 320 m (the water depth used in the loads studies for the floating offshore wind turbine considered here), the joint environmental distribution at this site is employed since it is thought to be representative of deepwater sites that would be candidates for any floating offshore wind turbine.
For the selected site, the hub-height wind speed, V, and the significant wave height, H s , may be represented probabilistically by establishing first the marginal distribution for V and then the conditional distribution for H s given V. Because we are only interested in the operating range of wind speed (i.e. from the cut-in wind speed, v in , equal to 3 m/s to the cut-out wind speed, v out , equal to 25 m/s), we employ a truncated Weibull distribution for V. Thus, we have
19, s = 13.56 m/s, v in = 3 m/s, and v out = 25 m/s. Because the data available from the site were aggregated in the form of histogram bin counts and the raw data were unavailable, the distribution shape and scale parameters, k and s, are estimated using the method of moments.
The wave height data conditional on wind speed were also available only in the form of histogram bin counts; hence, the method of moments is again employed to estimate shape and scale parameters for a Weibull distribution of H s given V. Thus, we have
where the Weibull scale and shape parameters are functions of the wind speed-thus, we have k v v ( ) . . . In the turbine response simulations, the sea surface elevation process is simulated, and the JONSWAP spectrum needed there is a function of the significant wave height, H s , and the spectral peak period, T p . In this study, we use the expected value of T p given H s and V; thus, in the simulations, each short-term 10-min simulation has as environmental inputs, values for V, H s , and E[T p |H s , V]. The conditional expected value, E[T p |H s , V], is estimated from the site data. (5), (6), (8), and (9) may then be used to represent this environmental contour in the space of the physical random variables, V and H s , as is done in Figure 3 . In 3D inverse FORM, other candidate V and H s values also need to be evaluated that are associated with points within the 2D contour where u u 2D environmental contour in Figure 3 represent such sea states that need to be evaluated in 3D inverse FORM. A total of 116 sea states are identified by dots reflecting a gridded pattern at a wind speed interval of 1.4 m/s and a significant wave height interval of 1.0 m. For all of these 116 sea states, appropriate exceedance fractiles, p 3 , of the response variable, L, need to be evaluated. The p 3 fractiles for L at all (V, H s ) pairs on the 2D contour as well as at the 116 points identified are estimated; the largest of these is the desired 50-year load, l 50 . For a specified choice (v, h) of the random variables (V, H s ), p 3 may be expressed as follows Figure 4 shows the response exceedance fractiles, p 3 , for all of the candidate sea states that are evaluated in the 3D inverse FORM. Also shown in this figure are contours of constant values of these same fractiles. It is evident from this figure that to evaluate some sea states, the response at very small values of exceedance, p 3 , needs to be estimated. To achieve accurate estimates of response at such rare probability levels requires extrapolation of short-term simulation 10-min extremes data from a limited number of simulations (see also Sultania and Manuel, 2016) . While all the 116 candidate sea states should be analyzed and the maximum p 3 response fractile of these is the 50-year load of interest, it is instructive to study response characteristics of the study turbine system for various (V, H s ) pairs to help focus simulation resources where there is great potential for large response levels. Alternatively, it may become obvious that some (V, H s ) pairs are unlikely to lead to large response levels even for very small response exceedance fractiles; limited simulation effort may be warranted for those sea states. If, for any (V, H s ) pair, either response levels are found to be large even when only a small number of simulations are run or the variability in the response (e.g. in 10-min extreme values) is great, there is possibility that at the desired extrapolated p 3 fractile level, response levels may be important and could potentially yield the design level, l 50 .
Short-term response extremes
For all the 116 candidate sea states identified in Figure 3 , 25 ten-minute simulations are carried out, and 10-min extremes of the fore-aft tower base bending moment, the out-of-plane blade root bending moment, and the platform surge motion are found. Based on these response extremes, median response surfaces are constructed; these are presented in Figure 5 (a) to (c). It is clear that the turbine's pitch control system tends to cause larger loads around the rated wind speed of 11.4 s, and that all the response quantities see lower extremes at wind speeds both below and above the rated wind speed. An exception is the tower base bending moment which does experience larger values for some higher wind speeds, although this could be explained by the accompanying larger wave heights with those high wind speeds. In general, variation of response extremes with wave height does not show an obvious trend except in the case of the tower base bending moment whose extreme values clearly increase with increasing significant wave height. The median response surfaces suggest that wind speeds around and higher than the rated wind speed with accompanying wave heights bring about large levels of response. At lower exceedance fractiles, it is expected that this trend will continue, and the candidate sea states for these identified wind speed and wave height ranges will likely produce the 50-year response, l 50 .
While a study of the median extreme response helps in identifying potentially interesting sea states for 3D inverse FORM by virtue of the larger levels of response seen for some (V, H s ) pairs, another consideration in deriving rarer response exceedance fractiles, p 3 , relates to the extent of variability seen in a limited number of simulated extremes. Greater variation among the simulated 10-min extremes for some (V, H s ) pairs might suggest that the distribution tails (where the p 3 response fractiles will need to be obtained after extrapolation) might be more variable for them and larger response levels might then become more likely for those sea states. Figure 6 (a) to (c) summarizes contour plots of the ratio of the 84th percentile nonexceedance response extreme to the median response extreme based on 25 ten-minute simulations-this figure is for fore-aft tower base bending moment, out-of-plane blade root bending moment, and platform surge, respectively. These ratio contours are shown together with the 50-year return period environmental contour. Ratios close to unity imply low variability in response 10-min extremes; the larger the ratio, the more variable is the response extreme. From this figure, it is noted that the fore-aft tower base bending moment is most variable at low wind speeds, but these conditions are likely not important since we saw in Figure 5 (a) that response extremes are low there. Tower bending moments above rated winds also show some variability; since the median extreme response there is also large, these above-rated winds and associated sea states are important when considering tower bending loads. Sea states with wind speeds at and above rated wind with accompanying wave heights are likely to be important in the 3D inverse FORM study. The out-of-plane blade root bending moment is seen to be less variable than the tower bending moment, and among the different (V, H s ) pairs, it is found that around rated winds where the median response extremes were largest, variability in response extremes is actually quite low. Surge motions are seen to be the most variable of the three response measures studied here. Particularly, for wind speeds around 16 m/s, extreme surge motion variability is great. This suggests the possibility of interesting sea states in that region of above-rated winds with accompanying waves.
Statistical extrapolation of response
We now address the issue of extrapolation of response extremes to desired exceedance fractiles, p 3 , defined by equation (10). We saw from Figure 4 that these desired sea state-dependent fractiles can be extremely small. From a limited number of simulations, extrapolation from collected extremes data to the fractile level of interest is unavoidable. Accordingly, we discuss here the procedure employed for this extrapolation. We carry out N 10-min simulations and rank-order the available N extremes of each response type. Then, for each sea state, (v, h), we estimate Weibull distribution parameters for F lv h L V H s | , ( , ) | (see equation (7)) using the largest 50% of all the extremes since we are interested in the tails of the distributions. After the distribution parameters have been estimated, the response level corresponding to the exceedance fractile, p 3 , is computed as l p3 where p 3 is given by equation (10).
To avoid excessive extrapolation of response to levels far beyond values actually simulated, we impose a restriction that the extrapolated load, l p3 , for any sea state may not exceed the largest simulated extreme response from N simulations by greater than 25%. Accordingly, we begin by carrying out 25 simulations (i.e. choosing N = 25); we estimate l p3 and compare l p3 with SimMax, the largest simulated response from the N simulations. If l p3 /SimMax is greater than 1.25, we assume that the amount of extrapolation is unreasonably large and unjustified; we then increase the number of simulations by 5. This is repeated until l p3 /SimMax falls below 1.25. After all the sea states are evaluated in this manner, the various l p3 values can then be checked and the largest chosen as the design response, l 50 . Table 1 summarizes l p3 , SimMax, and median extreme response (l 0.5 ) values for the fore-aft tower base bending moment, the out-of-plane blade bending moment, and the surge motion for several of the more critical sea states. As can be seen from the table, sometimes the number, N, of simulations required to ensure that extrapolated l p3 is not greater than SimMax by more than 25% needed to be increased considerably from the original 25 simulations. After this exercise was completed, the largest l p3 values were selected as the 50-year response values, l 50 . Table 2 summarizes the l 50 values together with the accompanying sea state parameters, V and H s . The important sea state conditions that are associated with these rare 50-year response values appear in the areas thought to be of interest based on our interpretation of results summarized in Figures 5 and 6 . To ensure that the l p3 values for the various sea states are reliable, it is worth computing confidence intervals on predicted l p3 . This can be achieved by bootstrapping (see, for example, Fogle et al., 2008 ) the extreme response data. The 90% confidence interval normalized by the l 50 value for each state was computed. The width of this normalized interval should generally be small if the predicted l p3 values are to be considered accurate estimates. Figure 7 summarizes that predicted l p3 values obtained by Weibull distribution fit to the largest 50% of the simulated response extremes for three separate critical sea states for each of the three response measures studied. By bootstrapping the response extremes data, 90% confidence intervals on estimates of l p3 were also computed and are summarized in Figure 7 . With the exception of the fore-aft tower base bending moment, the other response parameters produce l 50 values with reasonably small normalized confidence intervals.
In Table 2 , the critical sea states for each response type that yield the 50-year response are identified. For the surge motion, the 50-year surge offset displacement of the platform is 38.3 m. It should be noted that for the sea state where this is expected to occur (a maximum offset of 33.6 m was recorded in the simulations performed), the mean offset due to the nonzero wind forces alone is around 18 m; this suggests that the 50-year surge response is roughly 20 m displaced from the mean platform position in surge. It is useful to study the two load measures-fore-aft tower base bending moment and out-of-plane blade root bending moment-by examining time series where the largest simulated values of these loads were recorded in critical sea states (identified in Table 2 ) that are used to arrive at 50-year values for these loads. Figure 8 shows a single 10-min time series where the largest fore-aft tower base bending moment of 177.1 MN m occurred. This was for the sea state with V = 21.7 m/s and H s = 7.5 m. Shown in this figure are the time series for hub-height longitudinal wind speed, sea surface elevation, blade pitch, and fore-aft tower base bending moment. It may be noted that the largest tower bending moment occurs around 140 s into the record and is preceded by a very large wave. Note that a very slight pitching back of the blades is also evident around the time of the largest load; however, the large wave is most likely the primary driver of the large tower bending moment. Figure 9 shows a single 10-min time series where the largest outof-plane blade root bending moment of 15.0 MN m occurred. This was for the sea state with V = 16.1 m/s and H s = 6.5 m. Shown in this figure are the time series for hub-height longitudinal wind speed, sea surface elevation, blade pitch, and out-of-plane blade root bending moment. It may be noted that the largest out-of-plane blade root bending moment occurs around 310 s into the record and is preceded by a control action that brings about a zero blade pitch angle. There is a moderate-sized wave preceding the largest load, but the primary driver of the large blade bending moment is most likely the action of the blades pitching back to zero degrees that increased the aerodynamic loading and, hence, the bending moment at the blade root. We note, in closing, that use of the 3D inverse FORM approach to compute 50-year response values for the tower and blade bending moment and for the platform surge motion that are summarized in Table 2 required about 30 h of simulation; if equation (2) was to be solved using numerical integration, the computational effort is estimated to increase by a factor of more than 50.
Conclusion
In this study, we focused on the prediction of 50-year response values for a model of a 5-MW spar buoy-supported floating offshore wind turbine. For the site selected, environmental conditions describing wind speed and wave height statistics were employed together with time-domain simulations of the turbine response for a range of sea states identified as part of the 3D inverse FORM. By carrying out multiple simulations, fractiles of the response (consistent with the desired return period of 50 years) were estimated for the sea states. Then, 50-year response levels of tower loads, blade loads, and platform surge motion were estimated, and associated critical sea states were identified. Using bootstrapping, we evaluated the accuracy of the derived 50-year response values. By studying time series, some conclusions were made regarding the drivers of the large tower and blade loads.
Long-term loads were estimated for the spar-supported wind turbine using inverse reliability procedures. The following conclusions were drawn:
1. The median 10-min extreme fore-aft tower base bending moment was found to be highest for wind speeds between the rated wind speed and cut-out wind speed and for close to the highest associated significant wave height. 2. The median 10-min extreme out-of-plane blade root bending moment and the median extreme platform surge motion were highest for wind speeds above the rated wind speed and for close to the highest associated significant wave height. 3. Contours of the ratio of the 84th percentile 10-min extreme to the median 10-min extreme for various response variables showed that tower load variability (in the region of large loads) was high for wind speeds above the rated wind speed and for all associated wave heights; extremes of out-of-plane blade root bending moment and platform surge motion showed higher variability for wind speeds around the rated wind speed. 4. The variability in platform motion extremes was found to be almost independent of wave height. 5. The long-term (50-year) fore-aft tower base bending moment was found to be largest for a mean wind speed of 21.7 m/s with an associated significant wave height of 7.5 m. This sea state had high wave energy and was associated with significant variability in the load distribution tail. 6. The long-term (50-year) out-of-plane blade root bending moment was found to be largest for a mean wind speed of 16.1 m/s with an associated significant wave height of 6.5 m. For this sea state, the distribution tail for this blade load was highly variable. 7. Long-term platform surge motions were found to be largest for a mean wind speed of 13.3 m/s (close to the rated wind speed) and for an associated significant wave height of 5.5 m. 8. Long-term loads were generally not largest for the rarest sea state (i.e. those with the highest associated nonexceedance fractile). Short-term response variability and the likelihood of different environmental conditions act together so that the critical environmental conditions are generally found to be somewhat different than what is inferred from use of the 50-year environmental contour.
The conclusions reached from this study are based on various assumptions made in the modeling of the baseline wind turbine model, representation of the hydrodynamic loading on the support structure, and so on. These conclusions need to be viewed in light of the many simplifying assumptions regarding structural models and loading. Also, we have considered only a single wind turbine model (i.e. the NREL offshore 5-MW baseline wind turbine); additional studies with different turbines and support platforms would be necessary in order to generalize the conclusions made from this study.
Refinement in the definition of the identified critical sea states and the associated long-term loads may be done in a number of ways. For instance, by carrying out additional focused studies near the identified critical sea states using a large number of simulations for the different load types, we can improve estimates of long-term loads.
Declaration of conflicting interests
The author(s) declared no potential conflicts of interest with respect to the research, authorship, and/or publication of this article.
Funding
The author(s) received no financial support for the research, authorship, and/or publication of this article.
